Detailed measurements have been performed on a compressor cascade in order to obtain information about the overall performance, the state of the boundary layer, and the topology of turbulent boundary layers.
The analysis of profile pressure distributions and wake traverse measurements across the midspan section of the cavnele blade provide information on the loss behaviour. Using surfacemounted hot-film gauges on the suction side of the measuring blade different transition phenomena have been investigated under the influence of various inlet flow conditions representative of engine operation. Extensive measurements with 3D-hotsensor anemometry have been evaluated to show essential features of the turbulent boundary layer.
The results point out the dependence of turbulence characteristics, e.g. turbulent kinetic energy distribution and Reynolds stresses, on the inlet flow conditions and the upstream boundary layer development. The influence of free-stream turbulence intensity is discussed and the non-isotropy of the Reynolds normal stresses is presented. 
NOMENCLATURE

INTRODUCTION
For an optimized design of modern gas turbine components computational methods have to include more details about the state of the boundary layer, the regions of boundary layer transition, and possible separation phenomena. The realistic modelling of turbulence characteristics is still a serious shortcoming for calculating turbulent flows in highly loaded cascades, which leads to an incorrect prediction of the losses. The validation and improvement of CFD codes requires sufficient experimental data to map the viscous flow behaviour. As turbomachinery testing has generally been concerned with overall performance rather than with the details of the flow field, there is a lack of such data. A recent discussion of the problems and the call for progress in design practice involving numerical and experimental considerations is given by Coupland and Stow (1993) .
In the past, only a few experimental studies of the boundary layer development on compressor blades have been presented Hot-wire measurements of boundary layers on a stator blade suction-surface at midspan were reported by Evans (1978) . It was found, that the stator blade boundary layer was highly unsteady and showed a much greater growth rate than for a case fide. Similar measurements made by Walker (1982) had been evaluated in order to obtain a correlation for skin friction coefficient (Walker, 1990) . Deutsch and Zierke (1987) presented detailed measurements of velocity and turbulence intensity profiles using a single component Laser Doppler system. Particular attention was paid to the region of separation. Hoheisel and Seyb (1987) described the loss behaviour of a high turning DCA compressor escrsiele The boundary layer was measured with a flattened pitot probe. Investigations on a controlled diffusion cascade at low Mach number using single hot-wire and WV techniques were reported by Elazar and Shreeve (1989) and Hobson and Shreeve (1993) . The latter paper showed a distortion of the inlet turbulence distribution as well as the development of the mean flow and turbulence intensities through the subsonic cascade. Velocity profiles as well as boundary layer parameters were investigated by Dong and Cumpsty (1989) with and without the simulation of incoming wakes on a compressor cascade.
In order to comply with the industry's need and demand for a reliable simulation of the gas turbine flow, advanced transition and turbulence models must consider the complexity of the flow field. However, higher-order models cannot be successfully applied without a further insight into the structure of turbulence.
Therefore detailed measurements of the turbulent boundary layers with emphasis on the strong three-dimensionality of fluctuating motion have to provide a suitable and extensive data base covering flow conditions in terms of Reynolds number, Mach number, and loading.
EXPERIMENTAL SET-UP
Compressor Cascade
The investigations have been performed on a highly loaded compressor eacearle called V103-220. The geometrical data and design conditions are shown in Fie. 1. The cascade consists of three blades with a chord length of 1=220 mm to achieve a high spatial resolution of the boundary layer measurements. The profile NACA 65-K48 represents a stator hub section of the second stage of a 4-stage axial compressor (see Hoheisel, 1971) . With a height of h=300 mm of the test section area the aspect ratio is h/1=1.36. The measuring blade has been instrumented with 40 static pressure tappings and surface-mounted hot-film gauges along the suction side midspan section. The whole wind tunnel is installed in a cylindrical pressure tank. By evacuating the tank partly and controlling the total temperature of the flow, Mach number and Reynolds number can be varied independently (see Sturm and Fottner, 1985) . The total temperature is measured in the settling chamber using resistance thermometers. Assuming an adiabatic flow, this temperature is equal to the total temperature T u in the test section. Furthermore, the standard instrumentation consists of a pitot-probe to measure the total pressure p ti and wall pressure tappings to determine the static pressure p l . Within an extensive test program the main racrade characteristics were investigated by profile pressure distribution measurements and wake traverses. The boundary layer was analyzed for the same operation conditions. Table I shows the variation of the inlet chord Reynolds number Re i and the inlet flow angle 13 1 . With the exception of one operation point, a turbulence grid was used in front of the nozzle of the wind tunnel. The design inlet Mach number was kept constant at Ma i =167.
The facility is equipped with a computer controlled data acquisition system. Pressures are measured by differential pressure transducers of different ranges. A Scanivalve system is available for blade-surface static pressure measurements. Traversing a wedge-probe 0.2-1 behind the exit plane of the raccad• the total pressure loss is determined. Probe movement can be achieved using three linear and one rotational traverse mechanisms (respectively two linear and two rotational axis in case of 3D-LISA calibration). The hard-and software used for standard catearle measurements is described in detail by Wilfert et al. (1990) . The evaluation of wake traverse measurements is as described by Amecke (1967) . The turbulence intensity of the inlet flow is measured by a single-hot-sensor probe upstream the caws& and may be written as Tu., a /
The present paper is especially concerned with the phenomena in the turbulent suction-side boundary layer of the compressor cascade In order to determine the location of boundary layer transition, laminar separation and turbulent reattachrnatt, the measuring blade has been instrumented with 45 surface-mounted hot-film gauges. The sensors were connected via a scanner to a constant temperature anemometer (ROmer, 1990 ). The upper frequency response limit of the sensors is in the range of 10-15 kHz and was set to 10 kilt with a low-pass filter.
The measurement of wall shear stress using flush-mounted anemometry relies upon the similarity between the velocity profile adjacent to the wall and the temperature profile of the thermal boundary layer, generated by the heated sensor. The relationship between the rate of heat transfer from a hot sensor and wall shear stress is given e.g. by Bellhouse and Schultz (1966) . As demonstrated in earlier investigations (Hodson, 1984, Vijayaraghavan and Kavanagh, 1988) calibration is not necessarily required to obtain the desired data on transition and separation phenomena. With the measurement of the anemometer output signal the time-averaged and the fluctuating heat transfer (and thus the mean and fluctuating wall shear stress) can be described qualitatively by the quantities:
SIS
and Sim (2) Ea Eo E.0 indicates the time-averaged voltage measured in the absence of flow.
The investigation of turbulent boundary layers in highly loaded cascades requires a measuring technique to register the threedimensional character of the turbulent flows. A triple-sensor anemometry (3D-HSA) was set up at the High-Speed Cascade Wind Tunnel and extensively tested under various conditions. For the controlling of data acquisition and evaluation a modular software (SMASH) was developed. The three sensing elements of the subminiature probe are tungsten wires of 5 urn diameter. Each sensor is connected to a constant temperature anemometer. The measuring volume is approx. 1.5 mm in diameter. After passing an anti-aliasing filter the anemometer output signals are digitized and stored together with other peripheral data. The system frequency response, deduced from a square-wave test, exceeds 90 kHz. For the reported measurements the sample frequency of the A/D-converter is 65.5 kHz. Using calibration coefficients related to King's heat transfer law and to Jorgensen's relationship for the angular sensitivity, the unsteady velocity vector can be calculated from the anemometer output signals. The calibrations are performed at constant total temperature and different static pressures. Details of the set-up and the calibration procedure are reported by Wunderwald et al. (1992) . In boundary layer measurements errors might occur due to the increased heat transfer when a sensor is positioned close to a solid surface, and due to the change in static pressure along the streamwise direction compared with the static pressure of the calibration. Therefore a correction is made for the effect of wall proximity (Wiliest and Fottner, 1994 ) and a deviation in static pressure within the evaluation procedure (Wunderwald, 1994) . In order to evaluate turbulence characteristics the mean and the fluctuating parts of the velocity components are calculated.
RESULTS AND DISCUSSION
Pressure Distributions and Wake Traverse Results
Profile pressure distributions for different Reynolds numbers are shown in Fig. 3 . For the lowest Reynolds number a distinct separation bubble can be observed on the suction side. The topology of such a separation bubble and its influence on the pressure distribution has been described by Rannacher (1982) . Downstream the point of minimum pressure there is a laminar Results for Different Reynolds Numbers separation in the adverse pressure gradient followed by turbulent reattachment In this case the free-stream turbulence intensity was chosen to be very low (Tu i 3.8%). With increasing Reynolds number the separation bubble diminishes and seems to vanish for the highest Reynolds number. This is also an effect of higher free-stream turbulence levels that promote transition and turbulent reattachment. The results of the wake traverse measurements (Fig. 3) show the higher loss production in the wall shear layers of the suction side and the trailing edge region for Reynolds number Re 1=3.0.105 compared with the other results. The profile pressure distributions also denote that the pressure gradient relative to the dynamic pressure (-&pa) is very similar for the turbulent boundary layers in these cases. The distributions of the measured quantities for different inlet flow angles are presented in Fig. 4 . For a negative incidence ( 1 =129°) there is a strong suction peak on the pressure side with a local supersonic region just downstream of the leading edge. The distribution of the wake traverse results points out that this is an additional source of losses on the pressure side. Due to an increased contraction of the streamtube between two blades, an increased maximum of the pressure coefficient can be found also on the suction side. Compared with design conditions, a change of the scale and the location of the separation bubble is not clearly visible in the pressure distribution. The highest investigated inlet flow angle $ 1 =139° leads to a distinct pressure minimum on the suction side and a local short separation bubble at the leading edge. Following a longer region of a comparatively constant adverse pressure gradient a strong decrease in pressure gradient scans to indicate a turbulent separation at the trailing edge. The wake traverse results show that almost all the loss generation takes place on the suction side of the blade. Important quantities for the investigated operation conditions are summarized in Table 2 . Augmenting axial velocity density ratios with increasing inlet flow angle indicate a stronger influence of the sidewall boundary layers on the midspan section. Detection of Boundary Layer Transition A common mode of transition in gas turbine engines is the socalled "bypass transition, caused by disturbances in the external flow. The instability-induced ("natural") transition mode is completely bypassed. Another important mode for turbomachinery applications is the "separated-nose transition as it is described above. Further details of the transition process can be found e.g. in Schlichting (1982) , Mayle (1991) and Walker (1992) .
Since the boundary layer development on the suction side is more complicated and loss-producing than that on the pressure side in most cases it is of great importance to predict boundary layer separation. Mayle (1991) suggests the acceleration parameter K, representing the effect of free-stream acceleration on the boundary layer, to be considered relative to a critical value for separation preceding transition. For a quantitative description the acceleration parameter K. v OU v I dp Fig. 6a and b in relative quantifies. The development of the mean values of the anemometer output signals show no differences for different transition modes. The flow direction is continually changing in regions of unsteady separation. Because of the insensitivity of the sensors to the sign of the flow vector, a zero value of wall shear stress due to separation will only be indicated by a minimum of the mean heat flux. The separation point (SP) may also be found by a first local maximum of the RMS values which is located up to 5% of x/1 upstream the minimum of mean "wall shear stress" denoting the unsteady character of the separation. Because of the broken sensor #18 it is not clearly visible for design conditions. In case of a bypass transition the RMS values show a maximum gradient that corresponds to the minimum of heat transfer rate. For different Reynolds numbers the level of both types of curves is clearly influenced by the different density of the fluid and thus, a change in heat transfer from the sensors to the fluid.
The definition of a transition point (TP) helps the structuring of the transition process. It is determined by an absolute maximum of the relative fluctuating heat transfer rate that corresponds to the maximum gradient of mean wall shear stress with surface distance (see also Pucher and Gabl, 1986, Schrader, 1991) . High-frequency fluctuations of large amplitudes indicate the change from laminar to turbulent flow. The intermittency concept will be considered within further measurements and evaluations.
Because the shear stress is higher in turbulent boundary layer, the maximum in mean heat flux should characterize the end of transition. If separated-flow transition occurs, the RMS values are still on a higher level indicating that the botmdary layer is not yet fully turbulent Therefore the end of transition (ET) is defined by the turning of the RMS development towards a nearly constant value.
The characteristic points for transition are marked as examples for the highest and the lowest Reynolds number in Fig. 6a . The results for Re 1=9.0-105 are interpreted as a bypass transition. Compared with the profile pressure distribution measurements this could be a borderline case A further increase in free-stream turbulence intensity would give a more definite result.. As the comparison with the separated-flow transition (Re 1=3.0405 and Re1 =4.5.105) shows, the high-amplitude fluctuations cover an enlarged section of the surface in case of the bypass transition. For negative incidence the measured quantities illustrate the separated-flow transition mode. Compared to design conditions the first local maximum of the relative fluctuations at x4=0.4 indicates the unsteady separation with a strong interaction between the laminar flow and the region of separation (13 1=129° in Fig. 6b) . The results for the inlet flow angle /3 1=139° underline the presumption of a short leading edge separation bubble as it has been discussed by Walraevens and Cumpsty (1993) . Even in this case two maxima are visible downstream the leading edge. The end of the leading edge separation bubble is located at z/13.1. Though the mean heat flux shows no significant be- 
was evaluated using an approach for turbulent velocity profiles under adverse pressure gradient proposed by Szablewski (1976) . From the beginning of the turbulent boundary layer to the trailing edge the velocity profiles show the typical influence of the pressure gradient The outer layer is characterized by an increasing velocity defect in streamwise distance that leads to a strong deviation from the law of the wall in inner variables. The strength of the deviation is also influenced by surface curvature. Furthermore, convex curvature reduces the logarithmic region (see e.g. Deutsch and Ziate, 1987) . For the present study, values of 8/re vary from approx. 0.01 to 0.06 (near the trailing edge for lowest Re i or highest loading). Fig. 9 illustrates the development of free-stream turbulence intensity Tue., at the edge of the turbulent boundary layer along the suction side (closed symbols). In the following discussion, three test cases were chosen that show significant differences in the development of turbulence quantities. The measurements with 3D-HSA are related to the inlet flow velocity U 1 . For the turbulence intensity this yields Tu For design conditions the turbulence intensity related to the velocity U. at the boundary layer edge (rue, open symbols) is also given in the plot From this quantity one might conclude an amplification of turbulence with streamwise distance. The comparison shows that this is only a result of the decreasing freeFici. 9: Turbulence Intensity at the Boundary Layer Edge stream velocity. Therefore all turbulence parameters are related to the constant value of U i instead of varying quantities like or;. The values for the turbulence intensity of the rases& inlet flow, Till , can be found in the same order of magnitude but on a slightly higher level at the edge of the boundary layers. Comparing the results with FMA-measurattents, one might predict also a peak in Tueo within the transition region. For turbulent boundary layers, Tut. , remains on a nearly constant level in all experiments with one exception: In the vicinity of the trailing edge high turbulence intensities (up to Tu ef6%) occur for p i=139°. Measurements with flush-mounted anemometry showed that the boundary layer is still attached at midspan. In this case, surface flow visualizations showed the growing suction side-sidewall corner stall from both sides at the trailing edge with increasing incidence. Therefore the midspan section is influenced by the developing secondary flow field as the flow perceives the corner stall as a solid obstruction. The high turbulence intensities above the expected boundary layer denote the unsteady character of this phenomenon In case of the lowest Reynolds number Re i=3.0•105 no turbulence generator was used. The level of the intensity (Tu et1.2%) differs significantly from the other test cases also for the boundary layer measurements.
The distributions of the relative turbulent kinetic energy, defined as (7) at different locations for all the investigated operation conditions are given in Fit 10. The surface distance is dimensionless and given by ye U 1 n (8)
In case of Re1=3.0•105 and a low level of inlet turbulence intensity much higher values of the turbulent kinetic energy are observed directly behind the reattachment of the transitional boundary layer. Here, the maximum values across the boundary layer height show a distinct decay in streamwise distance compared with the test cases at higher turbulence intensities Tu t . This behaviour is an effect of the absence of a high free-stream turbulence, denoted by near-zero values at the boundary layer edge. The decay is promoted by the adverse pressure gradient as shown by Cousteix et al. (1977) . For increased free-stream turbulence there is no reduction of the energy maxima occurring along the turbulent boundary layer. The main flow field interacts with the boundary layer through convection. Due to difTusion processes the turbulent kinetic energy is distributed to wider areas as the boundary layer thickness increases under the influence of the adverse pressure gradient. The maxima are shifted away from the surface. For positive incidence (3 1 =139°) the measurements near the trailing edge denote the influence of unsteady secondary flow phenomena on the whole boundary layer. The kinetic energy maxima can be found at higher magnitudes as well as the levels at the boundary layer edge. Note the increase of the relative energy in the vicinity of the surface for lowest Reynolds number and for positive incidence at x/14199. Although the boundary layer appears not to be fully separated at midspan, an increasing instability is indicated.
The Reynolds normal stresses 7u-and Tr; and ww would be equal in isotropic turbulence. The departure from isotropy may be defined as the difference between the normal stresses and the mean value 2k/3 (see Moore et al., 1994) . A similar description is given by the structural coefficients where the value for isotropy is 2/3. Firt 11 shows the structural coefficients for the Reynolds normal stresses. Typical test cases with a significantly different behaviour in boundary layer development were selected. Similar turbulent kinetic energy distributions for the other test conditions may serve as an indication of a similar structure.
In the case of the lower Reynolds number, which is characterized by the lowest level of free-stream turbulence, the normal stresses develop without great changes across the largest part of the boundary layer thickness. While the component in streamwise direction is the same order of magnitude as the turbulent kinetic energy, each of the two other components is about k/2 in the center region of the turbulent boundary layer. Near the surface all three components differ from the isotropic value. With increasing x/1-position the streamwise coefficient drops further below the isotropy-line at the boundary layer edge. This development corresponds to the increasing coefficient ww / k, whereas the component normal to the wall shows no significant change at the boundary layer edge.
The distributions of the structural coefficients with higher levels of inlet and free-stream turbulence intensities differ distinctly from the latter case Initially, the turbulent boundary layer shows an isotropic behaviour near the surface (x/bw0.6). Regarding the streamwise direction, it is the v-component that balances the departure of the u-component from isotropy near the wall. Only for the above mentioned "trailing edge instabilities" the w-component takes over a smaller part of the energy distribution. Over the whole boundary layer height the surface-normal stress coefficient increases in the range of 0.3 to 0.8. The most noticeable development in the energy-distributing process is the interaction between the coefficients uu / k and via, / k. The decrease of the streamwise stress component towards the boundary layer edge is balanced mostly by the distinct increase The distributions of the correlation uv, representing the Reynolds shear stress, are also illustrated relative to the turbulent kinetic energy in Fig. 11 , while the other shear stress components are negligible in most cases For low free-stream turbulence, the magnitude of the shear stress maxima does not change significantly. The negative values cover almost all the traversed flow field and the maxima are also shifted away from the wall due to the pressure gradient. A positive value of the maximum at the beginning of the turbulent boundary layer occurs for all the other operating conditions. It corresponds to the location of the steep decrease of the streamwise normal stress coefficient towards the boundary layer edge. This maximum is reduced in streamwise direction until the measurements show negative correlations in most parts of the boundary layer. The production term of the Reynolds shear stress (see e.g. Launder, 1989) = -a + i s +;t n )
indicates that convex curvature tends to raise the magnitude of the correlations uv towards positive values as well as the strain rate if separation occurs. Hobson and Shreeve (1993) observed positive correlations 1% chord upstream of a compressor blade due to the distorted mean flow. Different transport phenomena, effected by free-stream turbulence, might be the reason for the different observations concerning the development of the correlation coefficient uv / k . The relative stress component vw / k for positive incidence is given in Fig. 12 at selected locations.
Together with the uv -component the traverse results near the trailing edge underline again the influence of unsteady threedimensional flow phenomena on the Reynolds stress tensor.
CONCLUSION
A compressor cagawle has been investigated for performance characteristics and the state of the suction-side boundary layer considering various inlet flow conditions. In order to obtain detailed information about the turbulence structures extensive measurements of the turbulent boundary layers were carried out using 3D-hot-sensor manometry. The measurements also provide a data base for code verification and validation. The acceleration parameter K proves to be very useful for the quantitative description of the boundary layer loading. Considering the effects of Reynolds number and free-stream turbulence, Different transition phenomena representative for turbomachinery applications were detected. The transition location is shifted markedly upstream with increased loading, whereas an increasing Reynolds number only leads to a mild shift upstream. The amplitudes of the FMA-signaLs in the transition region are dependent on the Reynolds number. Both the locations of the start and the end of transition were found to be characterized by unsteadiness. Transition is not fully completed behind a reattachment of the time-mean flow in the case of a laminar separation bubble.
The mean velocity profiles of the turbulent boundary layer show an increasing velocity defect and increasing deviation from the law of the wall under the influence of the adverse pressure gradient At the edge of the turbulent boundary layer the turbulence intensity Tuci had not augmented significantly from the inlet value if the mean flow field remains in a two-dimensional state at midspaa The relative turbulence quantities clearly show the influence of the secondary flow field near the trailing edge.
The distribution of the turbulent kinetic energy in the flow field, as well as that of the Reynolds stress components, is dominated by two main factors: the adverse pressure gradient favours the growth of the boundary layer thickness and thus the spreading out of the turbulence quantities normal to the surface.
The turbulence intensity of the inlet flow and therefore the Fia. 12: Reynolds Shear Stress Coefficient vw k intensity at the boundary layer edge appears to be the most dominant influence. The division of the turbulent kinetic energy into the individual components and the behaviour of the Reynolds shear stress changes with increased free-stream turbulence, denoting different interaction and transport processes. The presentation in the form of structural coefficients underlines the importance that non-isotropy must be considered when modelling turbulent blade boundary layers. Further evaluations concerning the determination of turbulence power spectra and integral length scales will provide additional information about the structure of turbulence.
